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Replacement of certain analog elements )y their

switched-capacitor equivalents is a relatively new

technology with potential applications in integrated circuit

design. The first investigations on this techniquie was

performed in the late 1970's and attracted great deal of

attention. One of the important reasons for replacing
A|

*analog circuits with their switched-capacitor equivalents is

the compatibility of the switched-capacitor circuits with

MOS technology. Present emphasis is directed toward

switched-capacitor realization of the entire analog sampled

o data systems in MOS technology.

The purpose of this experimental research was to

investigate certain switched-capacitor circuits in order to
verify their theoretical analysis.
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In the literature ,there are many technical papers
~describing the theoretical characteristics, advantages and

disadvantages of switched-capacitor circuits and systems.

The experimental resarch presented here is an investigation

• - of the characteristics of specific switched-capacitor

circuits as described by some of these technical papers.

The circuits investigated include a second order band

-. " elimination filter, a simulation of inductor and a AM
idemodulator. For each circuit, the performance of the

,%: switched-capacitor implementation was compared to the

theoretical analysis. In additon, for the band elimination

.. filter and inductor circuits, the performance of the

4" switched-capacitor circuit was compared to an equivalent

".'implementation using normal analog components. Analatical
~results were duplicated using switched-capacitor circuits.

%" The clock frequency was a critical parameter for the

~experiment.

"t.,,.
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CHAPTER I

BAKROND

The main building block of active filters is the

integrator which consists of operational amplifier (op-amp),

resistor and capa'citors. A maj ;eason that active filters

have not previously been integr -d in MOS technology is the

necessity to accurately de resistance-capacitance

products, which requires that the absolute value of the

resistors and capacitors be well controlled. In addition,

integrated (diffused) resistors have poor temperature and

linearity characteristics, as well as, requiring a large

amount of silicon area. A circuit that performs the

function of a resistor without these disadvantages has been

investigated independently by several workers. That circuit

is the switched-capacitor(SC) circuit.

The fundamental of a characteristic SC circuit is the

transferral of charge from point to point in the circuit by

charging a capacitor at the first point and discharging it

through the other. The theory of the operation of a SC

circuit as a resistor has been explained in detail in

Appendix A. If the switching rate, fc l/Tc , is much

larger than the highest frequency of the signal of interest,

then the discontinuities of the signal can be ignored and

the SC can then be considered as a direct replacement for a

-4 11
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conventional resistor. However if, the switching rate is of

the same order as the highest signal frequency, then

analysis must incorporate sampled data techniques. As for

any sampled data system,the input signal should be band

limited below -e as dictated by the sampling theorem. The

stability and linearity of the resistance value

(Eq. A-4) is much better than that obtained from diffused

resistors since the insulator in a properly fabricated MOS

capacitor has essentialy ideal characteristics. For

example, typical temperature coefficients for these capaci-

tors are less than 10 ppm (Ref 2:601). Another important

advantage of the SC resistors is the high accuracy of the RC

time constant that can be obtained with their use.

In integrated circuits, it is possible to achieve high

precision in the capacitance rat-o. It has been shown that,

the error in such ratios can be less than 0,1 percent using

standard MOS techniques (Ref 3:371-379). It is thus

*apparent that the SC resistor makes it possible to design

precise, stable RC filters which can be fully integrated.

It is also possible to modify the filter parameters such

as, gain, cutoff frequency and selectivity by varying either

the SC clock frequency or the capacitor values or both.

Experimental investigations (Ref 2 ; 4 ) show that the

effects of the switches and amplifier limitations must be

taken into account as practical design considerations. Some

of these limitations are following:

1-2



K." 1. It is desirable to have the clock rate as high as

possible relative to the filter bandpass frequencies in

order to reduce the aliasing of the input signal. The

magnitude of the capacitor ratios required for a given

frequency response increases with the clock rate, which

also increases the silicon area requirements.

2. At very high sampling rates, the time constant of

the switched capacitors will become important.

3. Due to finite ON resistance of the switches, the

transfer of the charge is incomplete.

4. The thermal noise contributions of the amplifier and

switches dominate over all other noise sources.

5. There is clock feedthrough which is caused by the

/24, inherent capacitance between diffusion and gate of the

switching transistors.

6. The offset error caused by leakage current in the

switching capacitor between sampling period is an important

Sparameter.

7. There is stray capacitance between the capacitor

electrode and ground. The stray capacitances upset the

symmetry of the circuit and hence introduce additional image

frequencies.

There are investigations underway to preserve the well

known low sensitivity properties of doubly loaded ladders

(analog reactance filters :ARF) in SC filters. One of the

most promising approaches consists of replacing all branches

- of the ARF by equivalent branches in a SC filter (Ref 5).

P%-3



Generally many of the SC networks described in the

literature have been either for filtering or for analog to

digital conversion applications. The SC building blocks are

also useful for realizing many other signal processing

functions. Another application of the SC building blocks

is the realization of the adaptive systems. The paper by

Martin and Sedra (Ref 7) gives design examples of a SC phase

lock loop, a tracking filter, a programmable equalizer, a

quadrature sinusoidal generator, and an adaptive channel

equalizer using SC networks. Still another important example

is a SC realization of a spectral line enhancer (Ref 8).

.- This is an adaptive system which tracks the peak of the

spectral density function of the input signal. These

examples are strong evidence for the important role which SC

networks can be expected to play in VLSI implementation of

signal processing functions.

A recent trend in SC filter design is to eliminate the

use of op-amps which form the basic integrators or to reduce

the number of op-amps by multiplexing them (Ref 9). Op-amps

require a large chip area, and consume large amounts of

power. The bandwidth of the filter will also improve if op-

amps can be avoided. Other advantages of elimination of the

op-amps include reduced noise and improved dynamic range.

Jamal and Holmes presented a novel tecnique to avoid the

use of the op-amps to form the basic integrator enhancement

type NMOS transistors and MOS capacitors (Ref 10).

1 4
., ..- ,



The objective of this research work is to analyze and

verify in the lab various SC circuits and systems (second

".. order SC band elimination filter, SC simulation of an

inductor, and SC synchronous demodulator). This work was

accomplished in two phases

- I. Examination of a technical paper that analyzes a

particular system using SC circuits. This paper claims

certain performance attributes, advantages, and,-.

disadvantages.

II. Actually building and testing the circuit or the

-. system, and investigating whether it really performs as

*, indicated. If it does, explain why, and if it does not

explain why not.

A'SU PTII

For experimental purposes

I. Input signals are changing very slowly in time with

respect to the two phase clock.

II. The capacitor appears to charge instantaneously to

the input voltage.

III. The period of the capacitor discharge (T=RC) is

very much less than the reciprocal of the input signal

bandwidth. Thus, the capacitor appears to discharge

instantaneously.

IV. Equipment used have good temperature

characteristics so that experimental measurments do not

" . change as time elapses.

"~~~~~~~~~... .. ..........'."..... ............. ...... -.. '"., " .. '". .. ','.=".''" "", ." '



The second and third assumptions refer to ideal

-i. switches. The ideal switch assumption is quite reasonable

if the signals of interest are varying slowly with time.

For computational purposes

I. Voltage sources have zero resistance.

II. Operational amplifiers are ideal (infinite gain).

III. Switches have zero ON resistance so that complete

transfer of charge can be accomplished.

WAfRA AND PRESENTATION

Each chapter represents a different phase of this

experimental research. Chapter II presents analysis, design,

fabrication, and test of the second order SC bandelimination

filter for a given transfer function. It includes effects

of changes in clock frequency, effect of stray capacitance

and clocking scheme on filter performance.
,'- Chapter III presents simulation of grounded and

floating inductors using SC circuits. This section

justifies the equivalance of the proposed SC inductor to

grounded inductor. A test circuit built using SC circuits

in place of resistors and a grounded inductor is given. The

test circuit is a resonant circuit. The performance of the

test circuit is compared with an analog resonant circuit.

Another test circuit, showing the operation of the floating

inductor, is also presented.

1°
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Chapter IV addresses the realization of SC synchronous

'" demodulator. The results are illustrated in the chapter.

Chapter V draws conclusions about the experiments

conducted, and recommends further research in different

application areas of SC circuits.

Equally important is the information contained in

Appendix A, Appendix B, and Appendix C. They present basic

principles of operation of the SC circuit as a resistor, two

phase clock circuit, and the sampled data demodulation

technique respectively.

OI
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CHAPTER II

ULM SRE aQELR

There are several general approaches for the design of

switched-capacitor (SC) filters. Conceptually ,the simplest

approach is to first obtain the analog circuit and then

replace the resistors by 'their equivalent switched-

.. capacitors.

The filter realized is a second order SC band-

elimination filter. Its transfer function is

H(s) (s + 1000) (s + 5000) (2 - 1)
(3 + 500) (s + 10000)

The analog filter that satisfies this specification is

shown in Figure IT-I.

C2 
C6

i~ R R8

2 7

*<.. Figure II-1 Second order analog filter

i . II - 1



This is the cascaded form of the two first order

filters. The transfer function of the first order part is

... V2  Z2  C2 //R 4
H(s) = - = - = (2 - 2a)

V1  Z1  Cl//R 3

which can be simplified to the following equation

H(s) = - 1- + 31 (2 - 2b)
C2 s + 1/R4 C2

R3  can be replaced by and R4  can be replaced by

fCC3

* f1 where fc is two phase non-overlaping clock frequency".-, fcC4

(see Appendix B). Then, the corresponding equation for the

SC is

°j!J C1  s + fc (C3/CI)
H(s) = - (2 - 3)

C2 s + fc (C4/C 2 )

The product H(s) can be factored into the form of Eq. 2-1.

Then,

s + 1000 s + 5000
H(s) = (2- 4)

s + 500 s + 10000
:"

The coefficient of Eq. 2-4 are equated with those of
. Cl1

Eq. 2-3. For convenience C1 = C2 , therefore, - = 1

Depending on the clock frequency choosen, the values of

C3 and C4 can be found.

S- II - 2



If the resistors are replaced with SC, the circuit
.depicted by Figure II-1 becomes Figure 11-2 (Ref 1:420).

'. C I
I..

r.

Figure 11-2 SC equivalent of Figure II-1

The same procedure can be followed to realize the second

order part of the SC filter. As mentioned before, the

direct replacement of resistors with switched-capacitors
C.

-requires that the switching frequency must be much larger

than the significant spectrum frequencies of the input

signal (Ref 1:409). The clock that will be used throughout

the experiment was developed in Appendix B.

FARICATM MID I~aI
For comparison purposes, the analog filter and its

equivalent SC filter were built. The operational amplifiers

-a" used were SN72741 and SN72747. The analog switches used

were type DG2O1A. DG2O1A is a SPST (Single Pole Single

Throw) switch. Characteristics and pin description of the

.

1 .-



chips used are in Appendix D. The experiment was conducted

for clock frequencies of 5 Khz, 50 Khz, 100 Khz and 200 Khz.

For convenience, C1 , C2 , C5 , and C6  are choosen to be

0,luF. The values of C3 , C4 , C7 and C8 were computed by

equating Eq. 2-3 and Eq. 2-4. Table II-1 shows the

corresponding values of these capacitors for each clock

frequency. The capacitances were measured using an 820

Capacitance Meter by BK Precision Dynascan Corporation.

Table II-1

"UL= t xaluz

Clock Fr. C1 ,C2 ,C5 ,C6  C3  C4  C7  C8

50Khz 0,1 4F 2*10 pF 1000 pF 10,01 uF 0,O2uF

10OKhz 0,1 4F 1000 pF 500 pF 15*10pF 0,01 uF

200Khz 0,1 UF 500 pF 250 pF 2500 pF 5*10'pF

The SC filter resistor equivalences of the analo

filter were 10, 20, 2, and 1 Kilo ohm for R3 , R4,
I

R and R8 respectively.

Effect of change in clock frequency

The first experiment was conducted for 5 Khz clock

frequency. Since the clock frequency was small, the out-

put of the op-amp did not remain constant. The output of

*.' op-amp followed the slow clock pulses.

II - 4



Even though the clock frequency was small, the first

order output waveform of the digital filter was the same as

the analog filter output. However, the switching action was

observed on the output of the first order part of digital

filter. The output waveform of the second order part of the

digital filter did not resemble the output signal of the

, analog filter. Figure 11-3 shows the typical output wave-

Sj form of the first order part of the digital filter for 5

Khz clock frequency. The input signal frequency is 550 Hz.

4N

5e,

Figure 11-3 Input (top trace)- output

relationship of the first

order SC filter for 5 Khz

clock frequency.

Horizontal: 0.5 ms/div

Vertical: 1 V/div

1 ... 5.°o"
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Later, the experiment was conducted with clock

frequencies of 50 Khz, 100 Khz and 200 Khz As the clock

frequency is increased, switching action on the output

signal disappears, and the thermal noise due to the op-amps

and switches decreases. By comparing Figures 11-4 and

11-5, the reasons for this change becomes apparent. Figure

11-4 shows both the input (top trace) and the output (bottom

trace) of the analog filter. Figure 11-5 shows the output

of the SC equivalent filter. The clock frequency is 100

Khz. Comparing the two figures, the digital output is almost

identical to analog output.

.4-

Figure 11-4 Second order analog filter

Input (top trace) - output

Horizontal: 1 ms/div

Vertical: 0.5 V/div

11- 6



But, as it was mentioned in the introduction section,

* the sizes of the capacitance ratios for a given frequency

response also increases with the clock frequency, which

increases silicon area requirements. The minimum clock

frequency is determined by the time constant of the switched

i capacitors and by the slew-rate and bandwidth limitations

of the amplifiers used in the SC circuit. The minimum clock

frequency is limited by Nyquist's sampling rate and by

considering dissipative losses in the MOS capacitors. These

" dissipative losses result in a loss of charge. It must

also, be taken into account that any dielectric gradients

may degrade the matching of too large capacitors. The

selection of the minimum size of a MOS capacitor should be

governed by considering paracitic capacitances and noise

- contribution due to the thermal noise of the switches.

Figure '5.Second order SC filter
(Input versus Output)

A

'A ,-



This r.m.s noise is given by (kT/C), where C is the

switched-capacitor and the kT is the thermal voltage

(Ref 11:76). Figure 11-6 shows the effect of the clock

frequency on the output signal.

DISTORTIONI
ON -OUTPU'T~

90 -

.- I

60 +'

25 -

5 T

60 20 100 io C
Fr.EQIF TCY

Figure 11-6 Clock frequency versus

distortion on output

As it is seen from Eqs. 2-3 and 2-4, the filter

bandwidth can be adjusted by either changing the clock

frequency or the capacitor ratios. This situation was

observed for different clock frequencies and different

capacitor ratios. Figure 11-7 shows the frequency response

of the SC filter realizing Eq. 2-1 for the clock frequency

of 100 Khz.

.
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r" Effect of different clocking schemes

The experiment was conducted using two different

clocking schemes. The first scheme was such that all

switched capacitors were clocked in phase while the second

was such that every other switched-capacitor was clocked 1800

out of phase, as illustrated in Figure 11-8.

6--

0 0 -I ---

Gi' ! 4"I
V1 @.j 161 2O

Figure 11-8 Two different clocking schemes for SC

filter.

The results of the experiment indicated that there was

no significant change in the magnitude response due to the

use of different clocking schemes. However, the output

signal of the filter using the first clocking scheme was

distorted.

Two pictures were taken to illustrate the effects of

the two different clocking schemes. Figure 11-5 shows input

output relationship for the first clocking scheme and

II- 10



Figure I1-9 for the second clocking scheme. The top trace

shows input signal and the bottom trace shows output of the

filter. There is more noise on the output signal of

Figure 11-5 as indicated earlier.

Figure 1I- 9 Input-output relatioship of SC

filter using the second clocking

scheme.

Effect of stray capacitance

S.

Any floating capacitor (C) of an SC filter gives rise

to stray capacitances between the capacitor elebtrodes and

ground. As illustrated in Figure II-10 the capacitance C

from the bottom electrode to ground is typically between 5

LOI i
frm heboto electrode'**.~ to. groun istyi.aly.beteen.
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to 20 percent of the main capacitance C The capacitance

-C 2 from the top electrode to ground is between 0,1 to 1

percent of the C . To eliminate the effects of the stray

capacitances the bottom electrodes of all capacitors should

be connected to a voltage source or a real or virtual ground

(Ref 6). The experiment was conducted with all capacitors

grounded to prevent any degradation in the filter

realization due to stray capacitance effects.

T 2

0!

1

Figure II-10 Stray capacitance

.2
D d ,, II - 12
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CHAPTER III

ARAMU I A1ND 12IU

The recent interest in the design of SC networks has

been motivated by the goal of realizing an active filter on

a chip. Most efforts have been directed to the realization

of resistors connected to capacitors, by SC combinations. A

challenging question that comes to mind is whether inductors

can also be simulated by active SC combinations.

(#7 T_

iFigure 111-I a) a capacitor b)principle of obtaining

.SC inductor c) SC inductor d) equivalent

~circiut of-(c)
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Consider the capacitor C shown in Figure Ill-la, the

incremental charge q(t) stored at any time t can be

expressed in terms of the current i(t) and the voltage

v(t):

t

q(t) i(t)dt C v(t) - C v(O) (3 - 1)
0

where v(O) represents the voltage across the capacitor at

time t=O. Assuming now that the capacitor is not charged

continuously but in surges of i(n r) (t-n T )o, after

A every interval T , where T is a unity time constant that

is required to maintain the proper dimensions in the charge

equation, and (t-nt ) is the Kronecher delta sequence,

then it can be shown that (Ref 10:77) the nodal charge

equation is given by

C
it) -- v(t) - v(t - T)] (3-2)

Consider the relation between current i and voltage v for

the capacitor C shown in Figure IIl-la is

" dv(t)

i(t) C (33)
dt

If the capacitor is assumed to be a discrete-time system and

the sampling period T is much smaller than the signal

-. period, it can be assumed that the current does not change

111-2
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during ' . Hence it is possible to replace the continuous-

time derivative in Eq. 3-3 by a finite-difference form of

the derivative; i.e at time t n T, the current is

v (n° vC(";. i(n .0) C vn)-[(-1- (3 -4)

where v(n ) and v[(n-1)T) are two adjacent time samples

of the voltage.

By similar reasoning it readily follows that the

charge equation for an inductor is given by

v(t) L -- (i(t) - i(t -T ) (3 - 5)
T
0

This can be simulated using switched-capacitors

0 (Ref 12) if we can obtain a building block that yields the

* equation

v(t) - [i(t) - i(t - )] (3 - 6)
C

in this case the equivalent inductor has the value

Leq (3 - 7)
C

with t n t , the difference equation of Eq. 3-6

corresponds to the configuration given by Figure III-lb.

This configuration can be realized by the active network

III - 3
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shown in Figure IIl-lc (Ref 12). The switches se and

are closed during even and odd times n respectively.

In Figure III-ic the capacitor C1  stores the charge

6Clvin(n) and converts it into a current which is delayed

and inverted at C2 . The capacitor C3  then integrates the

difference between the direct and the delayed current

component according to the nodal charge equation given by

Eq. 3-6.

The equivalent circuit of Figure III-ic can be obtained

as in Figure III-Id. The analysis is similar to that of RC

equivalent of an inductor. RC equivalent of Figure III-Ic

is as in Figure 111-2.

__7_ VA

Figure 111-2 RC inductor.

On Figure 111-2

* Vi
Zin = . (3 -8)

the current balance at node is

l 44

'.7 vIII - 4
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where +2(3-9

=~ Vj-V j( 10)
Rl Rl

Vj - V 0
12 (32 11)

therefore,

I VjV (3 12)
Rl R2

o Vi -(3 13)

R 1CS

-' so

+ C---)
Rl R2  R2  R1CS

1 1 1
+ -+ - (3 14i~)

Rl R2  RlR 2 CS

and

lR 1R2C
- - (3 -15)

1 +RjCS +~ R2 CS 1 ~.(Rj + R2 )CS

111 5
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Zi for the circuit in Figure III-Id is

sLe g

Z i  = (3 - 16)
1 + sLeg/Reg

4I

Equating Eqs.3-15 and 3-16, we get

RIR 2 C = L and (R1 R2 ) C = L/R

from these Leg = RIR 2 C (3 - 17)
,.

.eg = 1 / R2  (3 - 18)

If .11 is replaced by -- , R2  by - and C by C2
Cl C3

then

Leg "-- C2  (3 - 19)eg=C1C3

and

Reg 0 (3 - 20)
C1 + C3 - C1C3 /C2

f£ARIQA.U1 A"D I ST

A SC resonant circuit was built by replacing inductor

and resistor with their equivalent SC circuits (Ref 12).

The SC circuit (Figure 111-3) was designed using DG181

SPST (Single pole single throw) switches, SN72741 op-amp,

and capacitors whose values are shown in Table III-1. Based

. -. upon these values and Eqs. 3-17,18, the SC resonant circuit

111- 6
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simulated a series resistor of 28749 ohms, a parallel

inductor of 11.2 mH, a parallel capacitor of 2.579 uF and a

parallel resistor of 3157 ohms.

Table III-1

Caacitorvales f

C 2.579 uF

C O  2.174 nF

C 10.4 nF

C2 0.28 nF

C3  9.4 nF

The pin description and electrical characteristics of these

chips are listed in Appendix D. The experiment was

conducted at a clock frequency of 16 Khz.

Via

X-

• -'.Figure III-3 Analog resonant circuit

<;<.

111-7
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Ca
Co--3 -7

Figure III-4 SC resonant circuit

The observed frequency responce (Figure 111-5) of the

SC circiut had a sharp peak at 1050 Hz and half power

point at 1000 Hz and 1100 Hz. Figure 111-6 shows the

theoretical frequency response of the corresponding analog

resonant circuit. Overlooking the small discrepancy at

resonant frequency, there is agreement between the

r frequency responses of the SC circuit and corresponding

analog circuit. This dicrepancy is due to the parasitic

capacitances introduced by the discrete components and non-

ideal characteristics of the SC circuit elements.

~~III-

L- 111-
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Figure 111-5 Frequency response of SIC resonant

circuit

.00

4.

* -100

Figure 111-6 Theoretical frequency response of

analog resonant circuit



Figure 111-7 shows input (upper trace), output (lower

trace) waveform s at resonant frequency (1050 Hz).

Figure I1i-8 and 111-9 shows the same waveforms at 850 Hz

and 1150 Hz input signal frequency respectively.

*1

I

Figure 111-7 Input ( upper trace)- output (lower

trace) waveforms of SC resonant

circuit at resonant frequency.

Il- 10
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70 V.v

Figure i11-8 Input (upper trace)- output

(lower trace) waveforms of

SC resonant circuit at 850

Hz input frequency.

Figure 111-9 Input-Output waveforms of SC

circuit at 11,50 Hz input signal
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. In addition to grounded inductor, floating inductors

can also be designed using SC circuits. The analysis given

in the previous section is applicable for the floating

inductor as well. The equivalent SC circuit is shown in

Figure 11-10.

[.e,

7-1

(a.)

K- 2

Figure III- 10 a) Floating inductor b) SC equivalent

of' (a). (Ref 13).

To demonstrate the SC floating inductor, the above

circuit was incorporated in a low-pass filter design

(Figure III-11). The equivalent analog circuit is given in

Figure 111-12. The SC circuit was designed using DG181

switches, SN72741 operational amplifier, and capacitors

whose values are shown in Table 111-2. C1 = C3 = 2C 2 was

choosen so that R was open 'circuit or conductance is zero

(see Eq. 3-20). The experiment was conducted for 16 Khz

III- 12
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Table 111-2

"-' ~ ~~~~Caa cior v ] f r SC _i c .i

Co 475 nF

C1  822 pF

C2  410 pF

C3  822 pF

:2 C 9.4 nF

CFigure III-11 SC low-pass filter

r6
RIO _O/ i

":: IP -'I '

Figure 111-12 Equivalent analog low-pa.ss filter.
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r clock frequency. Based upon these values and Eqs. 3-17,18,

the SC low-pass filter simulated a series resistor of 132

ohm, a series inductor of 2.37 H and a parallel capacitor

of 9.47 nF. Figure 111-14 shows the theoretical frequency

responce of the analog circuit. Observed frequency responce

of the SC circuit (Figure 111-13) and Figure 111-14

indicate an agreement between theory and experiment.

I

'a

'
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One of the more important applications of the SC

circuits is the realization of adaptive systems such as SC

synchrous demodulators, channel equalizers, and tracking

filters. There are many applications for synchronous

demodulator, such as AM detection, FM detection, and phase

N detection. The SC synchronous demodulators are also useful

to find real and imaginary components of a given system

- transfer function. A synchronous demodulator is easily

realized using a SC low-pass filter which has only switched

feedins. The paper by Martin and Sedra proposed a design

for a SC demodulator using MOS transistors as switches

(Ref 7).

3 2

' .DEM.IDLATED

OUTPUT

Figure IV-1 Proposed SC demodulator

IV -1
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The basic theory of operation of the proposed SC

demodulator is to switch 0 I and 02 at input of the SC low-

pass filter. Alternating between 01 and 02 is equivalent to

multiplying the input signal by +1 and -1 before

applying it to the low-pass filter. The basic principles of

the sampled data demodulation technique is presented in

Appendix C.

The Figure IV-1 can be realized by using analog

switches in place of MOS transistors. For proper operation

of the proposed dimodulator, the input signal must be

sampled and then held constant for a full period (Ref 7).

This eliminates any errors caused by the half period

sampling time difference between 0I and 02- The circuit

that accomplishes this is called a sample and hold circuit.

Sample and hold circuit

This circuit can be realized using analog switches, a

flip-flop and a unity gain buffer which has high input

impedance and a high slew rate As illustrated in

Figure IV-2, when Q is high , the modulated input will be

sampled, and C2 will charge while C1 charges or discharges

through the op-amp input impedance. Since the op-amp has

high input impedance, the rate of discharge will be very

small. When Q goes low, the modulated input will be sampled

and C1 will charge or discharge while C2 is connected to op-

amp input. Since the clock applied to D flip-flop is

either d, or 02, the operation of the circuit will be in

IV - 2
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sync with 0 1 or 02. The values of CI and C2 will determine

S. 
o  "the time elapsed during charging of the capacitors. A

typical value used for C1 and C2 is on the order of 1 P F.

Switching phases

Switching B, and 02 at the input of low-pass SC filter

can be accomplished using an analog switch (see Figure IV-

3). When input is a leading edge-triggered carrier signal,

01I is output from pins 2 and 5, while 02 is output from

pins 10 and 13. When input is a trailing edge-triggered

carrier signal, 02 is output from pins 2 and 5, while 01 is

output from pins 10 and 13. These outputs will be applied

to the SC low-pass filter (Figure IV-4) to control the

switching action at the input of the filter. As it was

• lmentioned before , the carrier must be a square wave for the

proper operation of the proposed SC demodulator.

SIV- 3
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A sample and hold circuit, switching circuit and SC

low-pass filter were built using a 50 Khz clock frequency.

The experiment was conducted for lower clock frequencies,

but the output waveform was distorted. The sample and hold

circuit was built using a SN7474 for the D flip-flop, a

SN72741 for the op-amp and a DG303 for the analog switch.

The DG303 is a single pole double throw analog switch. A

detailed description of it is given in the Appendix D. The

vajues used for capacitor C1 was 1,0234F and for the

capacitor C2 was 0,969uF. The switching circuit was built

using a DG303.. The SC low-pass filter was built using a

SN72741for the op-amp and a DG181 for each analog switch.

The DG181 is a single pole single throw switch. The values

1000 pF, 100 pF, 0,OluF were used for C1 , C2 , and C3

respectively. The modulated input signal was generated by

using a WAVETEC 20 Mhz AM/FM/PM generator model 148.

For the modulated input signal, a 200 Hz sine wave

modulated a high frequency sine wave carrier. Figure IV-6

shows the modulating signal (upper trace) and the carrier

used for demodulation. The experiment was conducted for

carrier frequencies of 100 Khz, 1 Mhz, 5 Mhz and 6 Mhz. A

clear demodulated output was observed at 5 Mhz and 6 Mhz.

The output was unrecognizably corrupted by noise at 100 Khz

and 1 Mhz. Distortion occured when the carrier frequency

for modulation differed from the carrier reference at the

demodulator. The cutoff frequency of the SC low-pass filter

IV - 7
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was choosen as 225 Hz. That can be changed by changing the

values of C1, C2 , C3.

The experiment was conducted for different modulation

indices of input signal. It was observed that, for a higher

modulation index less distortion occured. Figure IV-6 shows

100 percent modulated signal (upper trace) and demodulated

signal (lower trace). Figure IV-7 shows 30 percent

modulated signal (upper trace) and demodulated signal

(bottom trace).

V,.

Figure IV-5 Modulating signal (upper trace)

and SC demodulator carrier.

IV - 8
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Figure IV-6. 100 percent modulated input signal

(top trace) and demodulated signal

b-.

Figure IV-7 30 percent modulated input signal

(top trace) and demodulated signal.

IV - 9

,.- . . ~ : .-. ; -



CHAPTER V

UKLMUQN Mk RMMAIINM
44

In this study SC application of band elimination

filter, simulation of inductors and realization of SC

synchronous demodulator were experimentally investigated.

For this purpose different technical papers claiming

different characteristios about these circuits were

examined. On the basis of the research performed, the

following conclusions are made

1. RC filter characteristics can be duplicated using

switched-capacitors in place of resistors.

2. For proper operation of the SC circuits, the

clock frequency must be much higher than the maximum

signal frequency.

3. The SC filter bandwidth can be changed either by

changing clock frequency or capacitor ratios.

4. Noise due to the amplifiers and the switches can

be minimized by increasing clock frequency and

capacitor sizes.

5. The stray capacitance between lower plate of the

capacitor and ground can be minimized either by

grounding the lower plate or by switching the both

sides of the capacitor.

<V
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6. For a SC demodulator, the carrier frequency must

be much higher than the modulating signal frequency.

7. SC resonant circuit which was built using SC

circuits in place of resistors and inductor gave
K-

sharp peak at resonant frequency, as analog circuit.

Based on the results obtained in thais study, the

following recommendations are suggested

1. For the clock circuit built , the overlaping time

of phase one (01) and phase two (02) was 1/8 of the

clock period. In order to improve the circuit

performance, further study could be performed

investigating the effect of varying this parameter.

2. Analog switches were used throughout the

experiment. The experiment could be performed using MOS

transistor switches for the same purpose to investigate

circuit performance.

3. As op-amp, SN72741 was used throughout the

experiment. For high frequency applications , op-amps

which have better high frequency characteristics

could be used.

4. The experiment in Chapter II was conducted for

just band elimination filter. That shoud be expended

for all kinds of filters (bandpass, lowpass,

-, notch, etc...).

V- 2
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5. One of the important applications of the SC

demodulator is to measure the quadrature components of

the given system transfer function. This aspect of SC

technique could be investigated.

6. Major application areas of the SC circuits are

filtering, A/D or D/A conversion and realization of

adaptive systems. For this experimental

investigation, SCapplication of filters, an adaptive

system and simulation of inductor were investigated.

This experiment can be expended to SC application of

A/D, D/A conversion technique,signal processing

technique and realization of other adaptive systems

such as channel equalizer phase lock loop, tracking

filter.

V-3

........ .........



16 '1;.

-.1. Valkenburg M.E Van and Kinariwala B.K, Lneal c

Prentice-Hall,Inc.,Englewood Cliff,N.J,1982

2. Hosticka J.Bedrich, Brodersen W. Robert and Gray. R
Paul, "MOS Sampled Data Recursive Filters Using
Switched-Capacitor Integrator", ILE JouprLl 2f "A=
U. .e 5S1i. L i-_ , No.6, December 1977.

3. Mc Creary L.J., and Gray R. P, " All-MOS Charge
Redistribution Analog to Digital Conversion Techniquies
Part I", IL L *tat1i-d h firquits Y 2LQL Z -
10, December 1977

4. Caves J. Terry, Copeland A. Miles, Chowdhury F.
Rahim and Rosenbaum D. Stanley, "Sampled Analog
Filtering Using Switched-Capacitors as Resistor
Equivalents", IEEE Journ.l9L 2 f
Y2Q S, No.6, December 1977.

5. Nossek A. Josef and Temes C. Gabor, "Switched-Capacitor
Filter Design Using Bilinear Element Modeling", IEEE

Y-, 3ol. QAa..25, April 1981.

6. Szentirmai George and Temes C. Gabor, "Switched-
Capacitor Building Blocks",UEF, Tranjjisacto gf .q..j.
.1 anSteMsV. Qa§ 2Y_ No 6 June 1980.

7. Martin Ken and Sedra S. Adel, "Switched-Capacitor
Building Blocks For Adaptive Systems" ILEEE IZn _ "i_ n4
2n Circui1 anAS±_tem&. Vo. SL. 8 No. 6, June 1981.

8. Martin Ken, "A Switched-Capacitor Realization of
Spectral Line Enhancer", 21a I nernatin 2m"P-ium
2n Circuitla an s h em ilme R L2IX 10-12 May 1982.

9. Fan et all S.C., "Switched-Capacitor Filter Using
Unity Gain Buffer", h29_41onJ1& R.R1A= 3

10. Habibullah Jamal and Holmes E. Frank, "Switched-
Capacitor Filters Eliminating Operational Amplifiers".::193 n1&rn=2na.1 S=22MoMlu 2n Q,1ro_0211 Ag IaXt=

11. Hosticka J. Bedrich and Moschytz S. George " Practical
Design of Switched-Capacitor Networks for integrated
circuit implementation", EjQ]qrniq Qjrgpjt and
." SmI, March 1979, Vol 3, No.2.

B -I



12. H-osticka J. Bedrich and Moschytz S. George, Switched
Capacitor Simulation of Grounded Inductor and Gyrators"

13. Brugger W. Ui. , and Hosticka J. Bedrich, 11 Alternative
Realization of Switched-Capacitor Floating Inductors

111. Schwartz Mis cha, jjnjormaiQD Ir~n=m11i2n B2WJ1n
an fijq.i Mc Graw-Hill Book Company, 1980.

15. Bahg Unq=§ j~jj, Volume 5,Series A. Motorola
Semiconductor Products Inc.

16. 11er 5.5_5... aU.~, Signetic Corporation.

Incorporated.

Texas Instruments Incorporated.

B-2



APPENDIX A
|

OQfAII N OE WII~D-AA IIO ~

The basic principle of the switched-capacitor (see

Figure A-I) resistor is to transfer a charge from point A

to point B by charging the capacitor at point A and then

discharging it through point B.

f2 T

Figure A-I Basic switched-capacitor circuit.

The analysis of the circuit (Ref 1:409) is performed

by first examining its behaviour when the switch is in

V: position A and then in position B.

Let us first assume that the input voltage v, is

constant and the switch is initially in the position A.

The capacitor CR will thus be charged to the voltage v I.

This charging process is extremely fast relative to the

switching cycle. For most practical purposes, it is assumed

that the capacitor is charged instantaneously to the input

voltage vl. This is the case for an ideal switch. It is

also assumed that the period of the clock which drives the

A -1
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switch is small enough so that the input signal (Vl) does

'4 *-] not appear to change during one period of the clock. Thus,

even if the input voltage v, is a function of time, the

capacitor appears to instantaneously charge to v1  as if we

had an ideal switch connection.

i If the switch is now changed to position B, the
dq

capacitor discharges at rate- which is dependent upon

the load impedance ZL. Thus, V2 is a time varying signal
dq

whose amplitude depends upon 
ZL dq

The capacitor is, thus first charged to v1 by the input

signal,, and then discharged to v2 at the output end, in one
a

period of the two phase clock. Moreover, this process is

. repeated in each period of the clock. There is thus a net

charge transferred to the output side. The charge

transferred by the capacitor in one clock period, to the

terminal 2 will be

q = CR(vl - v2 ) (A - 1)

and this will be accomplished in time t c the period of

the clock. During this time interval, the current is simply

CR(Vl v2 )
i(t) = - (A - 2)

a t Tc

-' Alternatively, the same result could be obtained if an

appropriate resistor is placed between terminals 1 and 2

as in Figure A-2.

*A- 2
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Figure A-2 Equivalent circuit of Figure A-I.

then

i(t) -- (v I - v2 ) (A - 3):Re

By equating the Eqs. A-2 and A-3, the size of such an

equivalent resistor which yields the same value of current,

during this same time interval, is

v1 - v2  Tc 1

'._ Rc  = - -:( -q
- c L CR fcCR

where fc is the clock frequency. Detailed circuit design

of two phase non-overlaping clock is given in Appendix B.

For the approximation of Eq. A-2 to be valid, the

switching frequency fc be much larger than maximum

frequency of v1 (t ) and v2 (t) as in the case for voice

processing filters. The switched capacitor may then be

regarded as a direct replacement for the resistor.

A



- , APPENDIX B

The two phase non-overlapping clock which was used for

all of the experiments was designed using a four-stage

Johnson octal counter ( MC 14022 ) so that multiple phases

could be produced as necessary. Appendix D shows pin

configuration and functional waveforms of the Johnson

counter. The Johnson counter has eight decoded outputs.

For the clock circuit, eight of them were used, to produce

two phases with 1/8 of the period of overlapping time.

Depending on the application, this overlapping time can be

increased by letting the counter count until certain number

* and reset.

'i I I

10 1 2 3 4~ 15 710

* I I I I I

Figure B-I Overlapping time of the phases

On the clock circuit (Figure B-2), the schmith invertor was

used instead of normal invertor to get rid of transient

' [spikes produced during the clock pulses.

B-i
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How to change clock frequency

The clock frequency can be changed by changing the

frequency of the output of the MC1555 timer. This is

accomplished by changing the values of R B, RA, or C on the

circuit of the timer. These component values are related to

the timer period by the relatioship :

T = 0.693(RA + 2RB)C (B - 1)

For example : if fc = 10 Khz clock frequency is needed and

if eight counts are used, then the frequency of the output

of the MC1555 timer is going to be 8xi0 : 80 Khz or

* 1 1

T 12' sec (B 2)
f 80 x 10 

=

using

RA = RB : 25 k-ohms (B - 3)

then the capacitor value needed is 240 pF.

Figure B-3 shows typical waveforms of phase one (01)

and phase two (02). The signal frequency is 3333,3 Hz.
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Figure B-3. Clock phases.

Horizontal: 0.2 ms/div

Vertical: 5 V/div.
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APPENDIX C

If samples completely specify a signal, it should be

possible to recover the signal from the samples. This is

the demodulation process required for sampled data or pulse

7. modulation systems. One of the main characteristics of the

demodulation is to use the same carrier frequency for the

modulation and demodulation. A simpler form of demodulation

is to pass the sampled signal through a low-pass filter of

bandwidth f (maximum signal frequency) hertz (Ref 14:99).

This is shown in Figure C-I.

1 ...er- ck r.cA .eris4 lr. ri,..ed

-f5~

~Figure C-1. Sampled data demodulation using low-pass

,." "?..filter., (a)fsampling =2fm (b)fsampling > 2fm

1'1

r'° . . .! , ~ ~ ~ ~~ _ ._-._-,_ % ".

€,~~~~ ~~ ~~~.-, ........................ . . .. ...... ,...******," , ...° ,-,,. *.,...-..-,.. . ..



If we sample at exactly the Nyquist rate (fsampling -

2fm) the filter required must have ideal cutoff

characteristics, as shown in Figure C-la (Ref 14:99). This

requires an ideal filter. an impossibility in practice. A

practical low-pass filter with sharp cutoff characteristics

could of course be used, with resulting complexity in filter

design and some residual distortion. This situation can be

*- relieved somewhat by sampling at higher rate, as shown in

Figure C-lb. A guard band is thus made available and the

filter requirements atie less severe: the filter cutoff

between f and fsampling - fm , and the attenuation at

fsampling - fm being some prescribed quantity measured with

respect to the passband.

c 2



APPENDIX D

!KMAILD UH-Ull DAIA aiETl

This section contains data sheets for the principle

integrated circuits which were used throughout the experi-

ment. The data sheets contain electrical characteristics

and pin configurations for each chip. Included in this

section are data sheets for each of the following integrated

circuit chips

1. MC14022 Johnson Octal Counter (Ref 15:(7-71;7-75))

2. 555 Timer (Ref 16: 1-4)

3. DG181 Analog Switch (Ref 17:(3-42;3-44))

4. DG303 Analog Switch (Ref 17:(3-79;3-80))

5. SN72741 Operational Amplifier (Ref 18:(3-34;3-35))

D-1
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MC14022AL
MC14022C L
MC14022CP

OCTAL COUNTER/OlAIVER memos
The MC 14022 is d tour -stage Jlohnson octal counter with huilt-in

-. roirteir Hiih -4ieed operfation eelf spike-free outputs are ob (LOW POWER COMPLEMEN iARY MI

I .iv is . Juliisuos M1ta IS:U.lt. detiijti rhe eight decoded OCTAL COUINTER/b' VIDER
ouitputs are nlormally low. ind go high only at their appropriate octal

time period The' output changtes occur on the ositive-going edge of ____________________

the clock pulse This part can be used in frequency division appli.
_.At..,s as *4ll 1%. octal counter or Octal decode (11WA41 plications

9 Filly Static Opwration
* DIC Clock Input Circuit Allows Slown Rise Times 1

re Carry Out Output for Cascading

*t 12 MHz ltvpicall Operation (0 VDD0 =t1 Vdc L SUFFIX SUFFIX

* Divide-by-N Counting offien used vvith MC 14001 NOR Gate CERAMIC PACKAGE Pt PACKAGEI
CASE e20 -SE 6ae

re Pin-for Pin Replacement for CD4022A

FUNCTIONAL TAurm TABLE

MAXIMUM RATINGS ..,.i~.i... . .. iS P.. at W~ow-i~ Lo..

Ratie Sy.ibol Value Uiit CLUCK
V.1.4' M~,122A VD) Is o -h 41, CLOCK ENABLE REM. OUTPUT

MC14022CLtCP 1____ '6ti. 4) b x 1;

tAoc 0 -5. i
H., rA _r 0

-MC14022AL -55 to . 125
NfCi4r22CI.CP ______ -40Oto .86 x Do' Cae if < C-,I ta~ .0

BLOCK DIAGRAM

Clock *4 O_.l

1~~~- 5 l5 3P

C....eo Q --St

This deoel Contains Ciitry to Protect

14- the Moass8blustt(210 deit8,., to hugh stRIt
%V1olts Of electr0ic fields. I,Se.S. It it

toveed that nrmal precas 1il ::j, e t0ot
t hi pltostion of an, iltap hipair

than nusineam raed y~Ia. o& lif isgi
imednce Circuit For' i-. i aliol it

ii reed esaded that V, ni ndyou be
1: ~conatrainel to the reop V; < Iv'n o

2 4 10Unused inputs inuet atoe, tie ted to en
apoprie lo1114 voltae p, -1. .i 0, either
VU or V 001.

7-71 b r4e S
D-2dce io

............................................



IC 14022 (cuntinued)

FIGULf.I - TYPICAL OUTPUT SOURCE AND OUTPUT SINK CNARACTERNIS TEST CIRCUIT

VSS -- o-~ 
-V 0 0 0

E.b- utut..tu

PICUII 2- TYPICA POWE SinkPAIO TESTe CIRCUIT

000 ci - oV0 0 le

06.1* ho .1t

0.7

C C vrD--3

V S . -vou *.,- 'v* '. ...



. -. MC14022 i ontinued)

a 0 1 z z x z x 2 x
a 0 0 0 0 0 0 0 0 0

0 0,

a' 
- -A ' -' -

a C,

2

i-f L

-I *

%*
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S HIM=tiC TIMER 555
LINEAR ITEGRATED CIRCUITS

*DESCRIPTION PIN CONIFIGURATIONS (Top View~l
* ~~The NYE/SE 555 nionolitltic timing circuit is a highly stableTPA AG
* controller capaible of producing accurate time delays, or

oscillation. Additional ternionals are provided for triggering
or reselintg it deiied. In ttie time delay mode of operation.
the lttle is pieceseiy controilled lsy one external resistor and I. arud0 ~ 'to otg

capacitor. For a stabjle opeiation as an oscillator, the free 2. Trigger 6.-hsol

rurinq frequency and the duty cycle are both accurately 3. Output 2 a 7 '.harge
innttolled Witt, two exteinal resitoil and one capacitor. 4. Rfe a -
The circuit mjiy tk. iftyqered~ and reset oil falling waveforms. 4

andI the output Ituctuie can source or sink up to 200mA
or drive TTL circuits. ORDER PART NOS. SfSSST/Nl-.-.,5T

FEATURES V PACKAGE
*TIMING FROM MICROSECONDS THROUGH HOURS

*OPERATES IN BOTH ASTABLE AND MONOSTASLE GroundC I C.c
MODES

e ADJUS rABLE DUTY CYCLETrgr Oshre

it HIGH CURRENT OUTPUT CAN SOURCE OR SINK Output Sl Threhold

OUTPUT CAN DRIVE TLi Rom S .T0 c,,lVolta"e

* a TEMPERATURE STABILITY OF 0.05% PER 'C
NORMALLY ON AND NORMALLY OFF OUTPUT ORDER PARTN NOS. S E5EBVINEt,55V

APPLICTIONSABSOLUTE MAXIMUM RATINGS
PRECISION TIMING SuIpply Voltage +18V
PULSE GENERATION Power Dissipation 600 mW
SEOUFNTIAL TIMING Operating Temperature Range
TIME DELAY GENERATION NE555 0C to +700C
PULSE WIDTH MODULATION SE65 1.50C to + I250 C
PULSE POSITION MODULATION Strg eprtueRne'5C to +15&0 C

MISSING PULSE DETECTOR Lead Temperature (Soldering, 60 seconds) +3000C

BLOCK DIAGRAM

%. - -~-



SIGNETICS TIMER a 555

ELECTRICAL CHARACTERISTICS TA 250C, VCC - +5V to +15 unless otherwise specified

PARAMETER TEST CONDITIONS S11556 NS 566 _ UNITS
MIN ITV* IMAX UIN I TYP IMAX

supply Voltage 4.5 Is 4.5 Is V
Supply Current VC-5V RL 3 Go336 mA

VCC - SV RL* - 10 t 12 to 15 rnAiLOW State., Note I
TimninaError RA.Aik-S Kt 10lO KI

l1I ...t-al Accuracy C -0.11pP Not@2 0.5 2 1 1Drift With Temperature 30 100 50 prn/c
Drift wilh Supply Voltage 0.05 0.2 0.1 %/Volt

Threslsold Voltage 2/3 213 X VCC
Trigger Voltage VCC - 1V 4.8 5 5.2 5 V

Vcc 5V 1.46 1.67 1.9 1.67 V
Trigger Current 0.5 0.5 PA
Reset Voltage 0.4 0.7 1.0 0.4 0.7 1.0 V
Reset Currelt 0.1 0.1 mA

*Thresttoid Current 1'otos 3 0.1 .25 0.1 .21, pA
Corntrol Voltage Level VCC - 16V 9.6 10 10.4 9.0 10 11 V

VCC - 5V 2.9 3.33 3.8 2.6 3.33 4 V
Ou~tput Voltage Drop (losel Wcc - 15V

$SINK - 10mA 0.1 0.15 0.1 .21- V
ISINK - 5OmA 0.4 0.6 0.4 .7b V
ISINK - 10MA 2.0 2.2 2.0 2.5 V
ISINK - 200-lA 2.5 2.5
V'CC , 5V

* SINK - SmA 0.1 0.2S V
ISINK " SMA .25 .35i

Output Voltage Drop thigh) i ~ %r 0- 2S1.

VCC - Is V

ISOURCE - 100A
VCC - 15V 13.0 13.3 12.75 13.3 V
VCC - 5V 3.0 3.3 2.75 3.3 V

Nowis Time of Output 100 100 neec
Fall Time of Output 100 100 neec

NOTES
ISupply Current wen output high typically tw"A legs.

2. TeetedS at Vc - bV andVc 1C5V

3. This will detellrm~ie the mimum V4Ale ci NA+ AILFor 15V operation. the was totalmN-20 seesion.

* EQUIVALENT CIRCUIT (Shown for One Side Only)

2



-. ~ . . . . . . . . C.C.

SIGNETICS 1MLH 0 555

TYPICAL CHARACTERISTICS

MINIMUM PULSE WIDTH SUPPLY CURRENT
REQUIRED FOR TRIGGERING vs SUPPLY VOLTAGE

II CS*HIGH OUTPUJTVOLT~aE

a'c

LOW OUTPUT VOLTAGE LWOTU OTG
vs OUTPUT SINK CURRENT vsOURCE IN CURRENT

.to

I45

o' r



*High-Speed Driver with
SJFET Switches designed for...

a Fast Acquisition Speed In BENEFITS
I. 0

I Sample and Hold Circuits
* * Eliminates Large Signal Error
40 Low Leakage Switching 1 A Leakage from Signal Channel in

0 Bmnh ON and OFF States

6 Applications i.e. Sample and e Inr@w Currignt Handling Capabilities
HoldCirc its200 rAMaxtimum Switching Current

* Higha, Bandwidth Switching Capabilities

nHigh Frequency Signal Cinss Talk arid OFF Isolation > 55 d
Switching such as Video Signals it mAHz 075 QLoad)

* Easily Interfaced

* Lo Ditorion within , -TTL. OTL. RTL Direct Drive

Audio Signals * Less Signal Distortion than CMOS or PMOS
Low eve Swichig inLowSwitches

m Lo Lev l Sw tchig inLowConstant ON Resistance

Impedance Circuits * Low Voltage ()rop Across Switch in the ON

* Fast, Low Resistance D/A dll10f

Z. Ladders

DESCRIPTION

The DG180 series contains two to four N-channel junction-type field-effect transistors (JFET) designed to function as
electronic switches. Level-shifting drivers enable low-level inputs (0.8 to 2.0 V1 to control the ON-OFF state of each switch.
The driver is designed to provide a turn-off speed which is faster than turn-on speed, so that break-before-make action is
achieved when switching from one channel to another. In the ON state each switch conducts current equally well in either
direction. In the OFF condition the switches will block voltages up to 20 V peakto-peak. Switch-OFF input-output feed-
through is > 60dcB at 10 MHz, because of the low output impedance of the FET-qate driving circuit.

FUNCTIONAL DESCRIPTION SCHEMATIC DIAGRAM ( Typical Channel)

PART
"U111I11411 TYPE MI ME) 7 S-

00180 Dual SPST 10 J=S
001811 Dual SPST 30
00182 Dual SPIT 75
DG0183 Ouel DPST 10
00184 DUeIOPST 30
00185 Duel OPST 75

001186 SPOT 10
O0187 SPOT 30
001831 SPOT 75
00in Duel SPOT 10
=091 Dua SPOT 75

V, V

3-4 Siliconix
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PIN CONFIGURATIONS ePkgeOanLi.cae

DUAL SPST 2 a IN MC Pi l3 E:I NC _s

ONS~: V. V-. 1* *a0
FF,

SWITCH STATES ARE VL V, V. U
FOR LOGI1C "INPUT ER-

(POSITIVIE LOGIC) ORDER NUMBERS; W*: ORDER NUMBERS:

OG1SOAA OR OGISOBA ORDER NUMBER: DO 180AP OR OG18OSP
OG1SIAA OR OGI~SA OGIBlAL OGISlAP OR OGIB1BP
00182AA OR 001820A SEE PACKAGE 5 OG182AP OR OG18SBP

SEE PACKAGE 2 *Commnon to Substrate and San. of Packase SEE PACKAGE I1I
*Common to Substrate and Case

flat Package Dual-In-Line Packae

IDUAL DPST 03 D] 03

LOGIC SWITCH 02 C. Dv.

SWITCH STATES ARE ; N:

VEV" 02- S

FOR LOGIC "I" INPUT
(POSITIVE LOGIC) ORDER NUMBERS: ORDER NUMBERS:

001111AL OR 00125AL 00G183AP OR OG I 38P
SEE PACKAGE S 00184AP OR 001848P

'Common to Substrate and Bas of Package OGISISAP OR DG1858P

SEE PACKAGE 12

SPOT Meta Cant Packae Flat Package Dual-In-Line Packag

LOGIC SW I SW 2 Nc PINC . H Nc

O0ON FF E X 02

SWITCH STATES ARE Me~~-
FOR LOGIC "I" INPUT . - - U,

(POSITIVE LOGIC) VL V. E Vit

ORDER NUMBERS: ORDER NUMBERS: -
OGISSAA ORG OlSA ORDER NUMBERS: OGISSAP OR OGISSOP n
DGIU7AA OR DO187BA OG187AL OR DGISSAL DG 187AP OR O I878P
OG1811AA OR OGlUBA SEE PACKAGE 5 OGlUSAP OR OGISSOP

SEE PACKAGE 2 'Common to Substrate end See of Packs"e SEE PACKAGE 11
tCommaon to Substrate and Cam

Flat Pakae Ousal.1n-Line Package

OUALSPDT 34 N30,

04 03 V-

LOGIC SWI SW3 VA32 SW4 323,V

p 0 OFF ON k%2 IN, ,V.

SWITCH STATES ARE VLV £2 £2

FOR LOGI1C "I" INPUT
(POSITIVE LOGIC) ORDER NUMBERS:ORENUBS

D019CAP OR 001906P
MEE PACKAGE B5OSA O G96

*Common to Substrate and Sas of Packae 0O191AP OR OG1918P
* SEE PACKAGE 12

Siliconix 3-Q

D-



. -.,-%.-

N

1" ABSOLUTE MAXIMUM RATINGS
m Vto ..V- 36V Current (S or O 3o n. 79 .n 30 mA

V- toVD . . . .. . 33v ,0o , ..i 200SA
#AVD tO V- .. . .. ... 33 V Storaw Temperature . . . . . .. 45 to 150*C

- toVSr . 2ating Tem etu A S.fE SoI • to 1251C
VotoVS .... . 22 V 18 Suffix) -20 to 8Soc

" VL to VO .. .. .. VSO C%vVl2 o VIN . ~MtlCafl*l .~t~ . .. . . . .

" VL toVR ... . . ....... 8v 14 Pin 0P-* ..... . . ........ 25 w

SVIN to VR ...... . iv 16 Pin DIP ........ . . . . ... goo mW

C t V _ . ........... 27V Flat Pee .... ............... 9gomW

Vit............. *I vftildd or soldered to PC board.to' VIN ..t.v. ...... . . .. . 2v V"'on ,t 6 mw/*cabo, 7s'C.
Cururs (Anv Ternm al except S or D . . .. 30 mA -*'Deo I1 mWIP C above 7S" C.

***°Oe.. 12 mW/' C abos. 75'C.
D.C.... . ...... Om romW/Cbo. 7'C.

ELECTRICAL CHARACTERISTICS All DC parameters are 100% tested at 25"0C. Lots are sample tested for AC
r parameters and high and low temperature limits to assure conformance with specifications.

C -- V-

0' V2 -

-20
2. -M...no

O ..-.. n +C.... . . ..*. .. .

I oo

" "I, U 
~
CQ o C-, 0 1

I~ Co. Cgg., CSW0OViM

IS-. O t ...... ....- -. 0$ ... . <2,o..., . .. .
--. s~ 0h 'r

OP II

ISO 0.1 Vo -10 1
0 ...or -v-- *--

-04t . ,,4. .,

C.s*- .- S

-~I TO

a" - * r..os...5 i' o +50o s*,v , o mI 0..J € *1 I., l,.r '0 .'50v- -o ,im

J.o. Ell E • ..SV

,.- * C.. ca,w t,.I

& 01.

Cowl csv Vo 0 V- .

2 -

na .210; - 29 - M - M V,-

.S ft --
Co... C_ _ 'S. A 550 5 5. 0.Vs..1500,s.000-1o

SIs Co. 0-..C-No-2-..:

OW S .* f . v or 20 v to turn_________________2.V___0._Vo__.0_VtturnOff____________a

3-" G innnni

UD -10
-. ~~~~,.0+.~ - _ __ _ __ _ __ _

I * .~ t,.00 T,.,,*

o ,c 10,,

, •, a • * St

= gOTif: I. Vgg.0OIvor2.OVornON'aerw~lbssel 2. VtNOVO2OVtOO~OPFOIwS~t SuSl.

-" 3-44 Siliconix
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Monolithic CMOS Analog
Switches
designed for.* * Envirnentally Rugged
1.~ Latchproof CMOs

E Portable, Battery Operated Circuitsi Low Standby Power
0.06 mw Typical (

* LOW Leakage Switching 0 Minimizes Signal Error 9
i.e. Sample and Hold Circuits *~fAYI~ ekg

0LwOperating Power

m Co muniatio Sysems 0.06 iAW Typical for OG304-307

Communcatio Syste sced Voltage Drop Across Switch in ON
S Low Level Switching Circuits Condition

* Fast Switching Circuits * Minimizes Switching Time
such as M ltipexer Typ ton & toff < 180 n
such as M ltilexe s 0Minimizes System Power Requirements

* Standard Linear Dual Supply Single supply Operation Capabilities
Easily InterfacedVoltages or Single Supply Systems - TTL, DTL and CMOs Input Compatbe

DESCR IPTION 3Logic Input Overvoltage Protection
The DG300 through DG307 switch family features four switching functions using CMOs technology for low and nearly
constant ON resistance (less than 50 f2 over the full analog signal range. In the ON condition the switches will conduct
current in either direction with no offset voltage. With low power dissipation, (a few milliwatts for the D0300-303, a few
hundred microwatts for the DG304-307). this series of switches becomes an ideal candidate for battery-powered or remote
switching applications. The switching speed is among the fastest available with the low quiescent power dissipation. In the
OFF condition, the switches will block voltages up to 30 V peak-to-peak. A logic input driver controls the ON/OFF state of
the switches. (See the "Pin Configuration" for switch status with a logic "1' input.) The DG300-303 switches are TTL and
CMOs input compatible and have a logic "0" state with an input less than 0.8 V and a logic "1 " state with an input greater
than 4.0 V. A pull-up resistor should be added for totem pole TTL outputs. The OG304-307 switches are CMOs input
compatible and have a logic "0"~ state with an input less than 3.5 V and a logic "1 " state with an input greater than 11 V
(for 15 V positive supply). The logic inputs are protected against overvoltage up to 18 V above and 36 V below the positive

supply. The combination of low cost, low power, low resistance and fast speed optimizes system design.
PI N CON FI GU RATI ONS

DUAL SPST 00300 or 00304 SPOT 00301 or 00305
Msil Cm. Paskaw OatiSn.L.... and Flat Pad..g. Osui-In-Lwa. OW Flat Pndkag Metul C-. Packi".

V# ISueSTRATE AND CASE) ORDER NUMIERS: OROER NUMBERS: V* (SUBSTRATE ANO CASE) -NC C: V*03A On OG3W 030AP O 0311P NCV0
1 O DI0 02 OO30IAp On O3OEP DG3OsAp OR OO3OUp 01 02 oip! 02

S, - S2 CN Sit PACKAGE I I S EE PACKAG EI SICNC ~
I 1 N2  NC I NC OG304CJ OO305CJ NC C NC 0

ooaac E. cecj IN C NC V
IC IN1 IN 2  5f PACKAGE 7 NCA4 NC -

ONO GO C _O3GLRG0ALO31LRGQALNOC_ _V- ONO
TOP VIEW TOP VIEW OG0A R034L 031LO 00*. TOP VISW TOP VIEW

*ORDER NIUBERS, SeE PACKAGE C SEE PACKAGE IC ORDER NUMBERS;
003M"A ORt OG300CA ILOGIC SWITCHI LOGIC I SW I SWV 2 - OA 03G-ZA
00311AA OR OG3048A 00FF OGN305OAAOR ooA

CCC PACKAGE 2 I ON I ON OFF SEE PACKCAGE2

DUAL OPST 00302 or 00306 DUAL SPOT 00303 or OG307
ovd4w.LIwa, 0011 ORDER PdI@§eRS; ORDERNUMENERS Owi-InL,s arid Flat Pack&"

NIC 'Va 0030AP ORt 00301111 , O3o3AP on oo3o3@P NC CV

OG6CA O O~ce00307AP OR 00307BPS3 S4
U-304 $11FACK AGE II ILOGICISV41TC4 LOGI SEE PACKAGE 11 03 D&

$IIN S1
0 2 oaw0 OFF G303CJ 01. 0252 000. ON OFF] 00307CJ iL

INI . IN 2  se PACKAGE 7 EPAKG7 IN-1. .4 2VSZA OR LGEA 0E PAK GE? 0~JI2
TOP~E W PAKAG IfSWITCH STATES ARE FOR LOGI .C '1' INPUTS (POSITIVE LOGIC) SEE PACKAGE 1C TOP IE

.*____________Siliconix 3-79
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:S.77

*ABSOLUTE MAXIMUM RATI.NGS
' VIN. to Ground. ........ V +18 V. V+ -36 V Power Dissipation'

-0 VS or V . . . . . . . . . . .. . . . V+ to V** 14 Pin Sidebraze DIP (Pl ......... 825 mnWU 0 V+ to Ground .............. +36 V 14 Pin Plastic DIP U)l ... .. .. ..... 470 mw
1% V+to V.. ............... +36 V Metal Can I A) ............ 450 m%
0 Current, Any Terminal (Except S or 0) . .. 30 mA Flat Packagle WL. .......... 750 mg

Current, S or D, Continuous..........30 mA "Deice mounted with all leads welded or soldered to
S Pulsed 1 ms 10% Duty Cycle. ....... 100 mA PC board.

Operating Temperature (A Suffix) -. 55 to +I 25C "'Derate 11 mW/*C above 75 Cf(8 Suffix) ... -20 to +850C """Dorate 6.5 mW/"C above 25"C
(C Suffix) . . . . 0 to +700C -- Derate 6 mWI"C above 75*C

0 Storae Temperature (A & 8 Suffix) ..- 65 to +1150%C """Derate 10 mW/"C above 7eCa(C Suffix) . . . . .65 to +125C

ELECTRICAL CHARACTERISTICS

All DC parameters are 100% tested at 25*C. Lots are sample tested for AC parameters and high and low temperature limits
to assure conformance with specifications.

Me. Limits

Ag . Sept .. Teint Cnditions

T,I' -CC C12 CW uT V.-.av.V---ISVOnd.ov

I VANALOGn..cqS:n. .15 .15 I V S-nWh ON is - o A
W"'a. Catopw1-,I

3 e Swl 30 50 s0 is s0 s0 73 V. -10 VIS -10 mA
'OnO -*,n 1 Not. 2

3 NAeiimi 30 -0 so 7S0o s 75 V 500 V.is50

4 NSo.,.OF 01 1 100 1 5 100 VS it V 0VO -4kV
!I l51.11 Lakao CWr~nK . -1 -100 -5 .100 VS -14V.Vo .. 14 V

7. N O'.n OFF 100 - Vc .141V. VS -- 14 V Nt
7 ~ ~~~~~ 100.1 'iae~~l- - - - - - -fA

01 -l-100 -S -100 V 0 -14 V. V 5 .- 14 V

Ch. ca..ON 0I 1 100 5 100 V 0 VS -- 4 V Nt
a ln 4kl"C~flfl -0.1 -2 -200 -S 1-200 V 0 VS 14 V

:.L nnC~,n 00300,3030nmy -A1- 1 -t - :.-

4I '3IN.

t4 'on T.. ON Time 00300.302 ISO 300

14 totq f,.eOFFlTim Only 130 260

ton 'n ON T,." 00304.307 -250 - SmS.!l,4rn i.ti':

IC off Twn Off Time. 0.1 0 ISO

0 S'I*"-afQ,.Mok 003011303 5
17 ' ton - off Iny~ 0010 Owi SeeC~C~WMk Tn Tunt Cen..,

c C010 11 , 0,.., OFF Citilen-e, 1 .0.Nt
20 C01 nnel ON CaloCS utinO , a0 V, Vs -0. Note 2 1-1MO

CON. I~ SComC VIN*

23 OFF a., .onto.3 5 do VIN 0-.AL -IK "-CL .. IS

I- Now" Sw.5v C..,u. -0.00! -to -10 -100 -100

23 OF 1. OuitiffiS.iniCw~gnt 1 0.001 to0 t 10 00 100 A

3 I Is n" P S-0~0" Cwnm 0G304-307 -0.00: -10 -10 .100 -100 VON -1V AInp~uts

20 I*0 PmSyclimnt 0.1v 0.001 10 to 100 I0

31 1w v @"1eesy .,,n -0.001 -10 0 -100 1-100 1 VIN 0 (AllIIncliti

N~t~t

1. ?yuiW nsM We for OSION AID ONL0IY.,allit uunsmft end nee sulleir Off. Mean tati 00300 IOMA.-A 00302 !~.
2.VI *MiI U~a SmW mw on~m. 003011-MI F,~ - . e 44~'*0CV 00301 IGMA 00230 CN4

00304307 VIN P-Flow -1I1 V. fo love "0"3.6 V
2. 0111, MOO"301W 'I . t ton ,OFF te.aVol 00Oem..,.OMtee-

1Mm I"e 011111m1"In NI ny mm. ae0 e0 OOOgwl 04 01133111 ICOIs-a 0DW fieo

-Y. Sificonix
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LINEAR INTEGRATED CIRCUIT TYPES SN52741, SN72741
CIRCUITS HIGH-PERFORMANCE OPERATIONAL AMPLIFIERS

* Short-Circuit Protection * No Frequency Compensation Required

e Offset-Voltage Null Capability @ Low Power Consumption

* Lare Common-Mode and * No Latch-up
Differential Voltage Ranges 9 Same Pin Assignments as SN52709/SN72709

description schematic
N The SN52741 and SN72741 are high-performance

operational amplifiers, featuring offset-voltage null
capability.

The high common-mode input voltage range and the . .
absence of latch-up make the amplifier ideal for volt- .
age-follower applications. The devices are short-cir- -"'

cuit protected an-I the internal frequency compensa- -

tion ensures stability without external components. A -
low-value potentiometer may be connected between -
the offset null inputs to null out the offset voltage as
shown in Figure 11.

The SN52741 is characterized for operation over the COWWW V" S$.M- AM

full military temperature range of -55*C to 125*C;
the SN72741 is characterized for operation from 00 CI I)to 71f C.

terminal assignments

i P DUAL.-IN-LINE

J ON N DUAL-IN-LINE L PLUG-IN PACKAGE PACKAGE Z FLAT PACKAGE
PACKAGE (TOP VIEW) (TOP VIEW) (TOP VIEWI (TOP VIEW)

Ia a t
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CIRCUIT TYPES SN52741, SN72741
HIGH-PERFORMANCE OPERATIONAL AMPLIFIERS

absolute maximum ratings over operating free-air temperature range (unless otherwise noted)

SN52741 SN72741 UNITJI
Supply voltage VCC, (we Note I1 22 18 V

%Supply voltag VCC.. (see Note 1) -22 -is V
Differential input voltage (see Note 2) t30 t30 V
Input voltage (either input, see Notes 1 and 3) t16 t16 V
Voltage between either offset nu il terminal (N lI N2 and VCC. -0.5 ±0.5 V

Duration of output shsort-circuit (see Note 41 unlimited unlimited
Continuous total power dissipation at (or below) 55'C free..sr temperature (see Note 5) So0 500 mW
Operating free-air temperature range -55 to 125 0Oto 70 IC

s Storage temperature range -65 to 150 -65 to 150 'C
Leadl temperature 1;' 16 inch from case for 60 seconds J, L, or Z Package 300 MO3 'C

Laad temperature Ill16 inch from case for 10 seconds NorPPke 260 260 .C'
NOTES: 1. All voltage values, unless otherwise noted, are with respect to the zero reference level (ground) of the supply voitagoo, where the

zero reference level is the midpoint between VCC, and VC.
2. Differential voltages are at the noninverting input terminal with respect to the inserting input terminal. UUiIe
3. The magnitude of the input voltage must never exceed the magnitude of the supply voltage or 15 "ltwIchev"r is less.

*4. The cutout may be shorted to ground or either power supply. For the SN52741 only, the unlimited duration of the shot ci'cu't m a p
a0plies at (or below) 1250C case temperature or 75 C free-air temperature. .

S. For operation above 55' C free-air temperature, refor to Oissiosion Darating Curve. Figure 12.

electrical characteristics at specified free-air temperature, VCC.I= 15 V, VCC. As - 15 V

PARAMETER TEST CONOITIONSt M N 52741M N 72741 A UNIT
MINWP MAX MI TYP MA

25'C 1 5 ____ 1_____
VI 0  Input offset voltage R .1 IknFull ag . n
AVIola) Offset voltage adjust range 251C ±15 ±15 m

26'C 20 200 20 20
'o Input offset currantA

_____Full range 500 300________

i~g inpt bas urrntFull range 1500 8W50

VI Inutvotae ane25C t12 =13 t12 t13
V, nptvltgerageFull range t12 t12

RL 10 kil 25" C 24 28 24 28
Maximum peak-to-peak RL > 10 W& Full range 24 24
output voltage swing RL -2 k1 25*C 20 26 20 26

____________________RL >2 kn Full range 20 20)

Large-signal differential RL ;, 2 kfl, 25"C 50.000 200.000 20,000 200.000 I
AO voltageamplification Vp - t10OV Full range 25.000 15,000

ri Input resistance 2!rC 0.3 2 0.3 2 Mn J
to Output resistance N -0 V. 5

See oteS 5 57
Ci Input capacitance _____25"C I.4 1.4 ~ pF

CMRR Common-mode rejection ratio RS 410 kfl 5C7 9 0 9 dS
______Full range J70 I 70

25C 30 150 L30 150
AVIOIAVCC Powr supply sensitivity RSQ 10 kfl Ful age10

9111 Sha-circuit output current 25"C =2S t40 :25 t40 mA

No load, 25-C 1.7 2.8 I1.7 2.8
______ Supply____current __ No signal Full range 3.3 3.3 m

PO Ttlptvedsiain No lowd. 25*C 50 85 50 85 m

P0  ota poerdisipaNo signal Fulrange 10010
t
All clseraserletce ae specifiled u~nder opent-loco operation. Pull range for SN52741 is -55'C to 125"C and for SN72741 is 0"C to 70'C.

NOTE 5: This tvoical voiLo appis only at frequencies above a few hundred hertz because Of the effects of drift and thermal teedbacls.

TEXAS IN STRUM ENTS 3.35
001e7 opCEs a011 90ss . DALLAS. rGXAS 711223
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